Carbon monoxide combines with oxyhemoglobin at a measurable rather than an infinitely fast rate (1, 2). This fact is important when carbon monoxide is used to estimate pulmonary diffusing capacity. If the rate at which this gas crosses the membrane between alveoli and pulmonary capillaries is greater than the rate at which it can react with oxyhemoglobin, carbon monoxide tension will rise in these capillaries and slow further diffusion. Therefore, the diffusing capacity of the lungs for carbon monoxide is dependent not only on the thickness and area of the membrane between alveoli and capillaries, but also on the volume of blood in the capillaries and the rate at which this blood can react with carbon monoxide. Roughton and Forster (3) have recently shown that pulmonary capillary blood volume and the true diffusing capacity of the pulmonary membrane can be computed from data on the apparent diffusing capacity of the lung for carbon monoxide (DLco) at different oxygen tensions and in vitro values for the rate of reaction of carbon monoxide with oxyhemoglobin contained in red cells (6) Such
Carbon monoxide combines with oxyhemoglobin at a measurable rather than an infinitely fast rate (1, 2) . This fact is important when carbon monoxide is used to estimate pulmonary diffusing capacity. If the rate at which this gas crosses the membrane between alveoli and pulmonary capillaries is greater than the rate at which it can react with oxyhemoglobin, carbon monoxide tension will rise in these capillaries and slow further diffusion. Therefore, the diffusing capacity of the lungs for carbon monoxide is dependent not only on the thickness and area of the membrane between alveoli and capillaries, but also on the volume of blood in the capillaries and the rate at which this blood can react with carbon monoxide. Roughton and Forster (3) have recently shown that pulmonary capillary blood volume and the true diffusing capacity of the pulmonary membrane can be computed from data on the apparent diffusing capacity of the lung for carbon monoxide (DLco) at different oxygen tensions and in vitro values for the rate of reaction of carbon monoxide with oxyhemoglobin contained in red cells (6) 6a9 includes both the rate of reaction of CO with oxyhemoglobin and the rate of diffusion of CO within the red cell.
computations have obvious importance in disease states in which the true diffusing capacity of the pulmonary membrane (Dm) and the capillary blood volume (Vc) might vary independently.
The present paper presents computations of Vc and Dm in 19 normal subjects and the changes produced in Vc and Dm by exercise and alterations in body position. METHODS A. Principle. The diffusion of carbon monoxide from alveolus to capillary is opposed by the resistance of the membrane between alveolus and capillary and by a resistance made up of both the rate at which CO combines with oxyhemoglobin and the volume of blood in the capillaries. The total resistance to diffusion then may be likened to two electrical resistances arranged in series. Thus: Total resistance = membrane resistance + blood resistance. The apparent diffusing capacity of the lungs for carbon monoxide (DLco) is essentially flow/pressure and thus analogous to an electrical conductance; its reciprocal (l/DLco), however, is a resistance and represents the total resistance to diffusion. The true diffusing capacity of the pulmonary membrane (Dx), the reaction rate of carbon monoxide with oxyhemoglobin (6) and the volume of blood in the capillaries (Vo) are also analogous to electrical conductances; their reciprocals express the resistances due to the membrane and to the blood, respectively. Thus, the equation above may be restated symbolically: 1/DL40 = 1/Dm + 1/9 X l/Vc. (1) A rigorous mathematical derivation of this equation has been given by Roughton and Forster (3) . 0 decreases with increasing POa in the capillary blood, and its value at pO2's of greater than about 100 mm. Hg (where there is no appreciable reduced hemoglobin) is known from in vitro data (2 these measured DILco's are then plotted against appropriate values of 1/0 a straight line may be drawn connecting these points (Figure 1 ). At the point where this line intersects the vertical axis 1/0 is zero and, therefore, the rate of combination of carbon monoxide with oxyhemoglobin is infinitely rapid. Hence, the only resistance to the diffusion of carbon monoxide is that offered by the pulmonary membrane (Dm) and the value of this intercept is equal to 1/Dm. If only the triangular area above this intercept is considered ( Figure 2 ) the plotted line is seen to be a graph of blood resistance against reaction rate resistance (1/9).
Since blood resistance is the product of 1/e and 1/Vo, the slope of the line must be l/Vc, as shown in Figure 2 .
B. Experimental procedure. Repeated measurements of DLoo at different oxygen tensions are required to compute V0 and Dm. The single breath technique of Krogh (4) as standardized by Ogilvie, Forster, Blakemore, and Morton (5) is used because it is simple and rapid. Essentially this technique requires that the subject make a maximal inspiration from his residual volume of a mixture containing 0.3 per cent carbon monoxide, 10 per cent helium and varying concentrations of oxygen and nitrogen, hold his breath for 10 seconds, and then make a maximal rapid expiration, from which, after the dead space of both subject and apparatus is cleared, an "alveolar" sample is taken. To vary the oxygen tensions at which these measurements are made and to estimate the tension of carbon monoxide in equilibrium with blood carboxyhemoglobin, we have modified the apparatus described by Ogilvie and associates (5) to the form shown in Figure 3 .
The actual conduct of the experiment is as follows: Bag L is filled with a mixture of approximately 0.3 per cent carbon monoxide, 10 per cent helium and 89.7 per cent oxygen.7 The seated subject breathes 100 per cent oxygen from the demand valve E for two minutes to wash most of the nitrogen from his lungs. Tap F is then turned to J and the subject rebreathes into a 6 liter bag filled with oxygen for four minutes. This constitutes an initial measurement of the carbon monoxide tension in equilibrium with blood carboxyhemoglobin prior to the inspiration of any CO for the experiment (6) . The tap is next turned to H and a measurement of diffusing capacity is carried out as described above. The "alveolar" sample is collected in evacuated bag D. At the conclusion of this measurement the tap is turned to E once more and the subject breathes oxygen for an additional two minutes. The tap is then turned to H and the measurement of diffusing capacity repeated. These two measurements constitute a duplicate measurement of DLco at high oxygen tensions. Next the tap is turned to G and the subject breathes room air for two minutes. The measurement of DLco is then repeated twice more with a two minute period on room air between the determinations. Since bag L still contains carbon monoxide-heliumoxygen, duplicate determinations of DLco at alveolar oxygen tensions intermediate between those of preceding and subsequent studies are thus obtained. Bag L is now evacuated and filled with a mixture of 0.3 per cent carbon monoxide, 10 per cent helium, 20.9 per cent oxygen and 68.8 per cent nitrogen. Two more measurements of diffusing capacity are made with two minutes of room air breathing between them-a duplicate determination of DLco at an oxygen tension close to that of room air. The subject then breathes oxygen for two minutes more and is finally switched to a fresh 6 liter bag (K) filled with oxygen into which he rebreathes for four minutes. This constitutes a final measurement of carbon monoxide tension in equilibrium with blood carboxyhemoglobin. Subsequently the residual volume is determined in duplicate by the closed circuit helium method (7) and venous blood is drawn for determination of hemoglobin by the cyanmethemoglobin method (8) .
In experiments to determine the effect of exercise, the subject pedalled for five minutes at a constant rate on a motor-driven bicycle before the first measurement of DLco, continued to exercise during this determination, during the two minute waiting period and during the duplicate measurement of DLco. He then rested for five minutes and repeated this procedure at the next level of oxygen tension. This exercise was moderate in degree. In Subject C. D., for example, the 02 consumption during the fifth minute of exercise was 770 ml. S. T. P. D. The resting residual volume was used in computing DLco. In experiments to determine the effects of recumbency, the subject lay down just prior to the initial equilibrium sample and remained in this position throughout the study. Residual volume was determined in the recumbent position. In both the exercise and recumbency studies, a resting seated control study was done on the same day; the control and experiment were done in random order. 7 Obtained from the Matheson Co., Rutherford, N. J. DACIC C. Gas analysis. Each of the "alveolar" samples to be analyzed is drawn through a dessicating agent by a membrane pump at the rate of 215 ml. per minute and then pushed by the pump through, successively, a paramagnetic oxygen analyzer,8 an infrared carbon dioxide analyzer,9 an infrared carbon monoxide analyzer,10 a carbon dioxide absorber, a hydrator and finally through a katharometer 11 for the measurement of helium. Readings of these instruments are made in all cases while the pump is operating and after the sample has been flowing through this system for three to four minutes. Approximately 540 ml. of gas is required to clear all the analytical apparatus. The carbon monoxide concentration, as read, is corrected for the carbon dioxide present by the use of a curve obtained by passing known mixtures of carbon dioxide in air through the carbon monoxide analyzer.
The helium measurement requires two corrections: One is necessitated by the fact that the katharometer measures the total thermal conductivity of all gases in the sample, rather than helium specifically. The thermal conductivities of oxygen and nitrogen differ; thus, variations in the concentrations of these two gases alter the total thermal conductivity and hence the observed percentage of helium. For this reason the katharometer has two scales designated "helium in oxygen" and "helium in air." Helium concentration of alveolar samples at high oxygen tensions and at oxygen tensions approximating that of room air can be read directly on their respective scales. Samples having oxygen tensions intermediate between these two are read on the "helium in oxygen" scale and corrected to their true helium concentration by a correction curve derived from the analy- GRAPHIC DETERMINATION OF CAPILLARY VOLUME The line itself is a plot of blood resistance against reaction rate resistance per ml. of blood (1/); its slope, therefore, is the reciprocal of capillary volume (1/Vo).
FIG. 3. SCHEMATIC DIAGRAM OF APPARATs
A is oxygen tank; B is mouthpiece; C is three way tap; D is 6 liter rubber bag; E is demand valve; F is five way tap; G is opening to air; H is flutter valve; J is soda lime canister; K is 6 liter rubber bag; L is 25 liter bag-in-box; M is recording spirometer. sis of known dilutions of a helium-carbon monoxide-oxygen mixture with air. The second correction is for the carbon dioxide absorbed, since this decreases the volume of the sample and thereby increases the observed percentage of helium. This is accomplished by multiplication of the observed helium percentage by 1 1 C00. D. Calculations. The initial CO concentration in the alveoli is obtained by multiplying the concentration of CO inspired by the ratio helium expired/helium inspired. From this calculated CO concentration and from the directly measured expired CO concentration is subtracted the concentration of CO in equilibrium with the carboxyhemoglobin of the blood at the capillary PO2 at which DLco is measured (9) . This correction is of greatest magnitude when the alveolar oxygen tension is high, as indicated by the Haldane relationship (1): 210 CO tension COHb concentration 02 tension 02Hb concentration Carboxyhemoglobin is present in significant quantities in the blood of smokers and increases during the experiment in all subjects. During the four minutes of rebreathing into the bag containing oxygen before and after the experiment, the COHb equilibrates with the gas in the lung-bag system (6) . From the tensions of CO and 02 in the bag, the Haldane relation may be solved for per cent COHb if there is little reduced Hb. The rise in per cent COHb between initial and final equilibrations is assumed to occur in equal increments with each determination of DLco. Thus an interpolated value for mean COHb during each measurement of DLco is obtained. With this value the Haldane relation can be solved for the CO tension during each measurement of DLco and this tension (or concentration) may be subtracted from both the initial and final concentrations of CO.
The alveolar volume is the sum of the volume inspired, corrected to S. T. P. D., and the independently measured residual volume. The time of breath holding is measured directly from the respiratory record. DLao Values for 1/DLco are next plotted against corresponding values for 1/e; the line connecting these points is either drawn by eye, or the best fitting line is computed by the method of least squares. We have used the latter procedure in computing all the data in this study and we have rejected an experiment if the correlation coefficient between 1/DLco and 1/0 is less than 0.95, indicating that more than 10 per cent of the variation in 1/DLco is not explained by changes in 1/e. From the slope and intercept of this line V0 and Dm are obtained as explained above.
RESULTS
In Table I Obviously, there is no direct way of proving that alterations in alveolar PO2 do not change Vc and DM. Three lines of evidence, however, suggest that such a change does not occur. Gander and Forster (10) have shown that DLCo at an alveolar PO2 of, for example, 300 mm. Hg is the same whether this PO2 is attained by breathing oxygen for 10 minutes and then inspiring a mixture containing CO in room air, or by breathing room air for 10 minutes and then inspiring a CO-O2 mixture containing no nitrogen. While these data do not exclude an effect of PO2 on Vc and Dm, the only alternative explanation is that if there is any change it must be very rapid. Dripps and Comroe (11) have reported that breathing 100 per cent 02 increases cardiac output by about 8 per cent in normal subjects. From the data compiled by Forster (12) give different results. The steady state methods which use either an alveolar sample (13) or the physiological dead space (14) to arrive at a value for alveolar pCO give lower values than the single breath technique (5) . The steady state methods are inaccurate unless ventilation/diffusing capacity ratio is the same for all alveoli (9) . Ventilation is uneven to some degree in normal subjects (15) . alveolar volume is not the same for all alveoli (9) . It is probable that this ratio is uneven in normal subjects (16) . However, the technique is rapid and the gas analysis required is easily done by physical means. In our hands it has been possible to complete duplicate determinations of Dro at three oxygen tensions within one-half hour.
We have used the single breath technique because of this rapidity and simplicity, because steady state methods have no compelling theoretical advantages over single breath method and because steady state methods would measure the diffusing capacity due to capillaries in which blood flow was very slow or even stopped to a much smaller extent than would a single breath method (14). Thus steady state methods might give a better picture of the functioning capillary bed while a single breath method might give a more accurate picture of anatomical state of this bed. In this connection, Roughton and Forster (3) Table I. breath method and by a steady state method and found that Vc and Dm computed from steady state data were, on the average, lower. However, values of Vc and DM computed by the two methods overlapped and were not vastly different.
The values of 6 used in these studies were taken from the published data of Roughton and Forster (3) and the probable accuracy of the measurement of 6 has been comprehensively discussed by these authors. In summary, the most important sources of uncertainty in a given value of 6 are the value of x and the value for the pulmonary capillary hematocrit. X is the ratio of permeability of the red cell membrane to permeability of the red cell interior. The smaller its value, the greater the resistance to diffusion offered by the red cell membrane and the less offered by the alveolar-capillary membrane at the same value of DLC0. Thus, any inaccuracy in the value of X is reflected in the computation of DM. The computation of Vc, however, is almost independent of the value of X. Inaccuracy in the value of the pulmonary capillary hematocrit, on the other hand, affects the computation of Vc, but not that of DM. There is considerable evidence (17) that the pulmonary capillary hematocrit is less than the venous hematocrit. If this is true, the values for Vc reported here are too low, but the magnitude of such an error is not, at present, known.
To summarize, we feel that our measured values for DLCO and the data for 6 that we have used give the correct order of magnitude of the processes they purport to measure, rather than absolute values. More cannot be claimed for the computed values of Vc and DM. Accordingly, the greatest usefulness of these computations lies in demonstrating changes in disease states and under altered physiological conditions. Comparison uiith other data Roughton and Forster (3) have presented data on Vc and DM in seven normal subjects whose DLco was measured by a 10 second breath holding technique similar to that used in these studies. Their mean value of 78.7 ml. for Vc does not differ significantly from our mean value of 65.0 ml. for 19 subjects while their mean value for Dm, 57.6 ml. per mm. Hg per minute, is significantly lower than our value of 98.1 ml. per mm. Hg per minute. There are three differences in technique and computation between the two sets of data: 1) Roughton and Forster computed separate values for DM using reaction rate data at X equals 1.5 and X equals infinity, respectively, and used the average of these two values of Dm. We computed DM using reaction rate data for X equals 2.5. Recomputation of our data in the manner of Roughton and Forster makes our average Dm still higher and does not explain the difference. 2) Roughton and Forster subtracted 5 mm. Hg from the oxygen tension of their alveolar samples to obtain mean capillary oxygen tension and subsequently appropriate values for 1/6. If we made this correction our results for DM would be lower and closer to those of Roughton and Forster. The difference thus introduced, however, is rather small. For example, in Subject E. W., the subtraction of 5 mm. Hg from the oxygen tension of his alveolar samples in obtaining the values for 1/6 would change DM from 200 to 188 ml. per mm. Hg per minute. 3) Roughton and Forster analyzed for helium with a mass spectrometer. Our measurement for helium is less specific, since we measured the total thermal conductivity of our samples and interpreted our results as concentration of helium. A systematic error might thus be introduced that would explain the differences between our results and theirs. To explore this point, three "dummy" experiments were done, using a bag containing 2 liters of alveolar air of various oxygen tensions as "lungs." "Alveolar" samples were analyzed and the ratio initial CO concentration in expired sample/final CO concentration in expired sample was computed as described above. There was no significant difference from the expected ratio of 1.0 and thus there is no evidence of a systematic error in our analyses.
Since differences in technique and computation do not provide an adequate explanation, we feel that the most likely reason for the difference in the two sets of data lies in the mathematical relation of Vc and Dm. Rearrangement of Equation 1 to solve for Vc yields VC = DMDLCO/6(DM -DLCO).
(
The possible values of Vc and Dm that would satisfy this equation at fixed values of DLco and Changes wtith exercise and position An increase in DL with exercise has been observed uniformly by all investigators beginning with Krogh (4). Roughton (18) , in 1945, reported that the increase in DL was due, in part at least, to an increase in Vc on exertion. Our data confirm the increase in Vc observed by Roughton and show that an increase in DM also occurs. Observations of Vc and DM on recumbency have not been reported previously, but an increase in Dr-co has been shown to occur on changing from the sitting to the recumbent position (5) . Our data confirm this observation and indicate that an increase in Vc accounts for this change. An increase in blood in the lung on recumbency, if not in the capillaries, can be inferred from the wellknown decrease in vital capacity in the lying position, which is partially reversed by inflating cuffs about the extremities prior to recumbency, a procedure that might be expected to prevent blood from pooling in the lungs (19) . The decrease in Dm in our data is not statistically significant because of the great variability in measurements of DM noted above, and means only that no significant increase occurred.
The observations reported here are of considerable interest in relation to concepts of the physiology of the pulmonary capillary bed. One concept pictures the capillaries as incapable of dilatation and, consequently, either entirely open or completely closed, with only a small fraction of the capillaries of an alveolus open at any one time. This concept is based on the analysis of physical forces in capillaries by Burton (20) and direct observations of capillaries in the cat lung (21) , the frog mesentery (22) and the dog lung vc ml I CAPILLARY BLOOD VOLUME AND MEMBRANE DIFFUSING CAPACITY (23) . This may be called the "open-shut" hypothesis. Alternatively, one might picture some capillaries as containing a small volume of blood and having a folded wall. Under appropriate conditions these capillary walls would unfold, increasing capillary volume with an unchanged surface area ("unfolding" hypothesis). Or, some capillaries containing a small volume of blood might be capable of dilatation, increasing both their volume and their surface area ("dilatation" hypothesis).
Our data on exercise, in which both Vc and Dm increase, could be explained by the "open-shut" hypothesis with the opening up of new capillaries, increasing both the volume of blood and the surface area for diffusion. The "open-shut" hypothesis might explain the results of recumbency only if it were postulated that blood went preferentially to the larger capillaries, thereby increasing the volume of blood in the capillaries, but possibly even decreasing the surface area. The "unfolding" hypothesis might explain the increase in Vc without change in DM on recumbency, but could not explain the increase in both Vc and DM on exercise. The "dilatation" hypothesis would explain our results with exercise but not those on recumbency. The "open-shut" hypothesis of capillary action in the lung, then, might provide a simple explanation of the changes in Vc and DM reported here. However, a more complex explanation is not excluded. For example, capillary walls might simply unfold with recumbency, but might be stretched on exercise, increasing their surface area, as Barcroft (24) has suggested, since the functional residual capacity is increased on exercise (25) , but is decreased on recumbency (26) . SUMMARY 1) The pulmonary capillary blood volume (Ve) and the true diffusing capacity of the pulmonary membrane (Dm) have been computed on 23 occasions in 19 normal subjects by the method of Roughton and Forster. The average value for Vc was 65.0 ml.; for Dm, 98.1 ml. per mm. Hg per minute.
2) In these 19 subjects Vc and Dm are significantly correlated with height, weight, body surface area, vital capacity and apparent diffusing capacity for CO while breathing room air.
3) In four subjects Vc proved to be stable and reproducible over a period of months while Dm was quite variable. 4) Vc and Dm increased on mild exercise in four subjects. 5) Vc increased while DM did not vary significantly when four subjects changed from the seated to the recumbent position. 6) The data for Vc and DM reported here probably give the correct order of magnitude of these quantities rather than their absolute values.
7) The average Vc in our subjects is similar to that reported elsewhere; our average Dm is significantly higher. This may be due to the mathematical relation of Vc to Dm which makes DM highly variable in normal subjects.
8) The hypothesis that capillaries are either shut or completely open appears to be the simplest explanation of our results both on exercise and during recumbency.
